Efficient transfection of Spodoptera frugiperda cells with Autographa californica nuclear polyhedrosis virus (AcNPV) DNA has been carried out using the technique of electroporation. The efficiency of transfection was monitored by assaying the extracellular virus in cell culture supernatants 3 days post-electroporation.
The uptake of baculovirus DNA by insect cells is an essential step in the production of recombinant viruses as vectors for foreign gene expression (see Miller, 1988) . Genes to be expressed are inserted into a transfer plasmid, downstream of the baculovirus polyhedrin gene promoter, and recombinant viruses are produced by introducing the transfer plasmid and wildtype, infectious virus DNA into insect cells. Homologous recombination within the insect cell produces a mixture of parental polyhedrin-positive virus and recombinant polyhedrin-negative virus. Parental and recombinant viruses are subsequently separated by plaque purification. The Autographa californica nuclear polyhedrosis virus (AcNPV) vector system, in Spodoptera frugiperda cells, has been used to express a wide variety of prokaryotic, eukaryotic and viral genes (reviewed by Luckow & Summers, 1988; Fraser, 1989) .
The most commonly used method for insect cell transfection by both baculovirus and plasmid DNA is by calcium phosphate precipitation (Gorman et al., 1982) . This technique has also been used to transfect AcNPV-infected S.frugiperda cells for transient expression assays of viral gene promoters (Guarino & Summers, 1986; Weyer & Possee, 1988 . However, it is widely appreciated that calcium phosphate-mediated transfection is a relatively inefficient method and that many cell lines remain refractile to transfection using the technique (Gorman, 1984) . Zimmermann (1982) described an efficient electric shock or electroporation method for introducing drugs into mammalian red blood cells and, more recently, this technique has been extended to include the electroporation of many mammalian, plant and microbial cells with DNA and RNA (Fromm et al., 1985; Hashimoto et al., 1985; Chu et al., 1987; Rabussay et al., 1987) . During electroporation, cell membranes are rapidly polarized at high voltages for a very short time leading to physical breakdown and pore formation. This results in a temporary increase in conductivity and permeability to DNA and other molecules (Zimmermann, 1982; Knight & Scrutton, 1986; Neumann & Bierth, 1986) .
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We report here the use of electroporation as an efficient method to introduce baculovirus DNA into insect cells. In particular, we have optimized the conditions for the electroporation of AcNPV DNA into S.frugiperda cells and compared the efficiency of cell transfection with that of the standard calcium phosphate method. The efficiency of transfection was monitored by measuring the titre of extracellular released virus in cell culture supernatants by plaque assay (Brown & Faulkner, 1977) .
AcNPV was propagated in S. frugiperda cells (IPLB-Sf-21) (Vaughn et al., 1977) , at 25 °C using TC100 medium supplemented with 10~ foetal calf serum (growth medium). Infectious AcNPV DNA was purified by sarkosyl lysis, followed by banding in caesium chloride gradients and extensive dialysis against 10 mM-Tris-HC1 pH 8-0, 1 mM-EDTA buffer, as described by Possee (1.986) . The transfer vector used in these experiments was the plasmid pAcRP23-1acZ, containing the Escherichia coli fl-galactosidase gene downstream of the polyhedrin gene promoter (Possee & Howard, 1987) . S. frugiperda cells were harvested from suspension cultures in growth medium, and after centrifugation at 1000 r.p.m, for 5 min, the cell pellets were gently resuspended in HBS (20 mM-HEPES pH 7.05, 1 mM-Na2HPO4, 5 mM-KC1, 140 mM-NaCI) containing 10 mM-glucose, to a final concentration of 2 x 106 cells/ml. After chilling on ice for 5 min, AcNPV DNA (1 ~tg), and on occasion pAcRP23-1acZ DNA (5 ~tg), was added and 1 ml of cells was transferred to the electroporation cuvette. Individual sterile cuvettes contained platinum electrodes, 0.4 cm apart (Gibco-BRL). Electroporation was performed using a Gibco-BRL CellPorator; with this apparatus pulse length was varied using pre-set capacitance values and alteration of the sample volume according to the manufacturer's instructions. The cuvettes were placed in a 'chamber-safe' containing chilled water (4 °C) and the pulse was delivered by means of the pulse-control unit attached to an external power supply set at 390 V (Pharmacia 400 V/500 mA). The capacitance and field strength setting on the pulse-control unit were varied as required. Following the pulse, the cells were allowed to recover for 10 min on ice before the removal of 0.75 ml (nominally 1.5 x 106 cells) into 1 ml of growth medium in 35 mm Petri dishes. The remaining cell suspension was used to determine cell viabilities using trypan blue staining. After incubation at 28 °C for 2 h, the medium was removed from the cells in the dishes, and replaced with 2 ml fresh growth medium. Culture media were harvested after 3 days at 28 °C and the extracellular virus titre was determined using plaque assay. Plaque assays were carried out according to the method of Brown & Faulkner (1977) with the following modification. Wildtype AcNPV titres were determined by staining plaques with 0.05~ neutral red for 2 h and flgalactosidase recombinant virus titres were determined by adding X-gal to a final concentration of 240 ~tg/ml for 5 h. Thus recombinant plaques were easily distinguishable by their blue colouration.
Calcium phosphate-mediated transfections were carried out in parallel, as previously described (Smith et al., 1983) , using the same cell, DNA and buffer stocks. Briefly, 935 ~tl HBS with glucose containing AcNPV DNA (1 txg) and, where added, pAcRP23-1acZ (5 ~tg), was mixed vigorously with 65 ktl of 2 M-CaCI2 to produce a fine precipitate. After 30 min at ambient temperature, the precipitate was added to 1.5 x 106 cells in 35 mm dishes for a further 30 min, 2 ml of growth medium was added and the cells were incubated at 28 °C for 2 h. At this time the medium was replaced with 2 ml fresh growth medium and the incubation at 28 °C continued. After 3 days the extracellular virus titres were determined by plaque assay, as described above.
Several reports have shown that for optimum cell transfection by electroporation some cell death must occur and the optimal cell survival rates have been estimated at between 20 and 50 ~, depending on the cells being tested (Fromm et al., 1985 ; Chu et al., 1987; Rabussay et al., 1987) . Initial experiments, therefore, measured cell viabilities over four different field strengths and pulse lengths varying from 0.2 to 37-1 ms. Cell viabilities, shown in Fig. 1 , clearly demonstrated that a field strength of 1000 V/cm gave cell viabilities of less than 25~, at even the short pulse times; few live cells were recovered with pulse lengths greater than 2-8 ms. The lowest field strength tested (250 V/cm) had much less effect on the cells, with viabilities dropping to about 52~ after the longest pulse. The middle range field strengths (500 to 750 V/cm) and a range of pulse lengths were therefore selected for further analysis of DNA uptake, as these gave cell survival rates in the 20 to 50~ range. Fig. 2 (a) shows the titres (p.f.u./ml) of wild-type AcNPV produced from 1.5 x 106 cells 3 days following electroporation with infectious AcNPV DNA. Maximum virus titres, about 2 x 109 p.f.u./ml, were obtained with a field strength of 500 V/cm and pulse lengths of 2-8 to 7.7 ms. This compares with typical virus titres of about 2 x 106 p.f.u./ml which we routinely obtain with the calcium phosphate transfection method, using the same number of S.frugiperda cells. Polyhedra in S.frugiperda nuclei were easily visible in cells pulsed for 1-4, 2-8 and 7-7 ms at 750 V/cm, but none were observed in cells pulsed for 0.2 ms at 500 V/cm (data not shown), and this correlates with a failure to detect any extracellular virus (Fig. 2a) .
Having shown that electroporation is an efficient method for introducing AcNPV DNA into S. frugiperda cells, we then assessed the efficiency of producing recombinant virus by coelectroporation of AcNPV DNA and the transfer plasmid pAcRP23-1acZ. The results are shown in Fig. 2(b) , demonstrating the recombinant virus titres obtained 3 days after electroporation. Maximum recombinant virus titres of 5.0 x 104 p.f.u./ml for pulse lengths of 7-7 ms at 500 V/cm and 2.5 x 104 p.f.u./ml for pulse lengths of 2.8 ms at 750 V/cm were recorded. This compares with titres of 5 x 102 p.f.u./ml when using the calcium phosphate method. Thus, electroporation also efficiently produces recombinant virus; however, the proportion of recombinant virus compared to wild-type AcNPV varied considerably, from about 0-001 to 0.I %. These figures are much lower than those obtained with the calcium phosphate method, for which values of 1 to 5% have been quoted (Luckow & Summers, 1988) . We therefore investigated the possibility of increasing the percentage of recombinant viruses by harvesting the transfection medium earlier than 3 days post-transfection. The results are summarized in Table 1 and show that the greatest proportion of recombinant viruses, 2.9 %, was produced using a pulse length of 2.8 ms and a field strength of 750 V/cm, and when the medium was harvested no later than 48 h post-transfection. Presumably, leaving the transfected cells 3 days before harvesting allows the wild-type virus to out-grow the recombinant. A similar effect has also been observed with cells transfected using the calcium phosphate method (R. D. Possee, personal communication) .
From these experiments we conclude that electroporation is a very efficient means of introducing AcNPV DNA into insect cells in culture and also as a method to produce recombinant viruses. Our observation on the relationship between cell viabilities and optimum DNA uptake have shown that, as is the case for mammalian (Chu et al., 1987) and plant cells (Fromm et al., 1985) , a certain percentage of cell death is required. In the case of the Spodoptera cells it was found that a cell survival rate of 40 to 609/00 was required for optimal extracellular virus production. Although the calcium phosphate method is an efficient enough transfection method for producing recombinant viruses based on AcNPV (Miller, 1988) , our data have shown that electroporation is more efficient at introducing DNA into insect cells, while retaining similar levels of recombinant virus formation. It is also likely that the sensitivity of transient assays of promoter activity may well be increased by using electroporation to cotransfect the cells. It will also be interesting to determine whether electroporation will allow the transfection of DNA from baculoviruses other than AcNPV, into other species of insect cells which at the present time remain refractile to transfection by other techniques. This could be particularly important in allowing the study and manipulation of baculoviruses for which at the present time no host cell culture systems are available. Preliminary studies in this area have shown that transfection of:Mamestra brassicae cells with AcNPV DNA is very efficient, whereas it is difficult to transfect these cells using the calcium phosphate technique (unpublished data).
